INTRODUCTION
Intensive poultry meat production is based on hybrid genotypes with a very fast growth rate and a very favorable feed efficiency (Robins and Phillips, 2011; Thiruvenkadan et al., 2011) . Differences between traditional and intensive poultry production are due mainly to genetic improvement and to the system of rearing: the purebreds are not yet widely used and the hybrids are reared indoors where environmental conditions are continuously checked and controlled and the nutritional requirements are widely met (Robins and Phillips, 2011) . In such a controlled environment the chicks grow more quickly because of a lower demand for thermoregulation and limited physical exercise. In some countries, beside the intensive meat production based on hybrid chickens reared under indoor conditions, the demand for organic and free-range meat is increasing (Sossidou et al., 2011) . To satisfy this demand, some brands have created genotypes with productive performance lower than those of the most worldwide-diffused hybrid strains but higher than those of traditional purebreds.
Using local genotypes could help to increase poultry biodiversity given that purebreds are reared on a limited number of farms and little knowledge is available on their performance. In Italy, some local breeds still exist, mainly in the Veneto region, which has an important poultry tradition (De Marchi et al., 2006) . Literature reports provide information on genetic variability, productive performance, and meat and egg quality of some Italian breeds (Rizzi et al., 2007 (Rizzi et al., , 2009a Soattin et al., 2009; Rizzi and Chiericato, 2010; zanetti et al., 2010a ,b, 2011a Rizzi and Marangon, 2012 ) that could be reared under extensive production systems.
Growth, defined as an increase in body size per time unit, is a fundamental property of biological systems (Lawrence and Fowler, 2002) . Poultry growth patterns ABSTRACT Predictions of growth are important factors that contribute to the profitability of an operation in poultry production. Modern commercial hybrids have a higher body growth in comparison with the local purebreds. However a niche market for meat and egg poultry production needs to be established using local purebreds to promote biodiversity. The aim of this study was to model the growth response of male and female chickens belonging to 5 local Italian populations: a commercial slow-growing hybrid (Berlanda, B) , the Padovana pure breed [2 plumage varieties: silver, argentata (PA) and chamois, camosciata (PC)], and their crosses PC×B and PC×PA. A total of 398 one-day-old birds were reared until 180 d of age under indoor conditions. The linear and 3 nonlinear models (logistic, Gompertz, and Richards) were compared to study the growth patterns of these chicken populations. Significant (P < 0.01) differences were observed among the genotypes for several curve parameters. In males, PC×B showed the lowest age at inflection point, B showed the highest age and BW, whereas PA showed the highest age and the lowest weight. In females, the age at the inflection point did not differ among the groups; B showed the highest weight. All the nonlinear models gave a good fit of male and female data with R 2 ranging from 0.992 and 0.999, but the logistic equation had higher value of root mean square error than the Gompertz and the Richards values. Based on residual sum of squares for both sexes, the Richards model was better (P < 0.05) than the logistic but not superior to the Gompertz. The logistic equation showed an overestimation of initial BW for all the groups and sex. For Italian local chicken populations, the Richards model requires a measure of BW recorded at 90 d or after to obtain a good fit of the asymptotic weight. However, the Gompertz model has the advantage that it requires one less parameter than the Richards model. have been previously modeled by many authors (Darmani Kuhi et al., 2003; Sengul and Kiraz, 2005; Nahashon et al., 2006; Roush et al., 2006) . Factors affecting the profitability of an operation are feed (nutrient and mineral supply), cost and type of feed, and chicken health, welfare, and environmental conditions from hatching throughout the life cycle of the birds (Yalcin et al., 2005; Darmani Kuhi et al., 2010) .
Growth mathematical functions can be useful for optimizing the management and efficiency of animal production and can be used to relate BW to age of the animals, to determine efficiency of nutrient utilization, or to predict daily energy, protein, and mineral dietary requirements .
A useful growth function should describe data well and contain biologically and physically meaningful parameters (France et al., 1996) . The literature on poultry and other animals traditionally defines the relationship between age and live weight as a nonlinear, S-shaped function (Sengul and Kiraz, 2005) . As described by Thornley and France (2007) growth functions can be broadly classified into 3 categories: those that describe diminishing returns behavior, those related to sigmoidal behavior with a fixed point of inflexion, and those related to sigmoidal behavior with a flexible point of inflexion. Among the growth functions with sigmoidal behavior and a fixed point of inflexion, the logistic (Darmani Kuhi et al., 2003) and Gompertz (Gous et al., 1999; Sakomura et al., 2005) equations have been used in poultry. The logistic equation can be derived by assuming that the quantity of growth is proportional to BW, the growth increases at a rate proportional to amount of nutrient and growth is irreversible. The inflexion point is fixed at exactly one-half of the final weight, which is theoretical final weight (mature size) of the bird.
The assumptions underlying the Gompertz equation are that nutrient supply is nonlimiting, the quantity of growth is proportional to BW, and rate of growth decays exponentially with time according to a decay constant. Inflexion in this sigmoidal growth function is fixed and occurs at a proportional level of final weight. The specific growth rate decays log-linearly (Thornley and France, 2007) .
Among the growth functions with sigmoidal behavior with a flexible point of inflexion, the Richards equation has been used in poultry. It is a more empirical construct and therefore does not have the underlying biological basis of other equations. However, it belongs to the same group of classic growth functions, and its flexibility, due to its shape parameter, makes it a generalized alternative to other equations such as Gompertz and logistic (Thornley and France, 2007) .
The aim of the present study was to compare the linear function and 3 nonlinear functions (logistic, Gompertz, and Richards), for modeling the growth of 5 different Italian chicken genotypes and evaluating them with regard to their ability to describe the relationship between BW and age.
MATERIALS AND METHODS

Birds and Environmental Conditions
Male and female chicks belonging to 5 different genotypes were used. An Italian commercial hybrid, Berlanda [Gaina strain (B), 45 males and 45 females, Berlanda, Carmignano, Italy], a local Italian breed, Padovana [2 color plumage varieties: silver, argentatawhite with black edge plumage (PA), 28 males and 30 females; and chamois, camosciata-light brown with white edge plumage (PC), 38 males and 58 females], and their crosses (PC×B-36 males and 30 females, and PC×PA-40 males and 48 females) were compared. Padovana is a local breed of the Veneto region, and its name originates from Padova where it has been reared since 1500 (Aldrovandi, 1599) . The birds were reared from 1 d until 180 d of life. A growth period of 27 wk was considered because, at this age, some of these genotypes had reached sexual maturity and started laying . The birds were kept in an environmentally controlled breeder house from hatch until the end of the trial. One-day-old chicks of each population were sexed (by cloacal inspection for Padovana groups and crosses and by wing feathers for B) and reared separately on wood shavings from the start until the end of the trial. The birds of each genotype were randomly divided in 8 groups (4 groups of females and 4 groups of males) and reared at a mean stocking density of 3.75 kg/m 2 . The birds were weighed at 1 d of age and then every 2 wk. The chicks were fed ad libitum the same feed (Table 1) and water, and they were submitted to the same prophylaxis procedures (Newcastle disease, Marek's disease, and infectious bronchitis vaccines). The growth patterns of the sexes were compared directly because all the birds were reared under the same environmental conditions such as temperature, RH, light intensity, and photoperiod. Formulation and composition did not change throughout the trial; the feed form was crumbled for the first 8 wk of age and then pelleted.
The trial started in May and lasted until December 2010; the photoperiod was natural and decreased during the trial according to the season. Indoor temperature and RH changed throughout the experimental period ( Figure 1 ). During the first 4 wk of life, the chicks were kept under infrared lamps and the temperature under them was gradually lowered from 33 to 24°C.
Statistical Analysis
Profiles (n = 373) of live weight with age obtained from chickens of different sex (174 males and 199 females) and genotype (B = 87; PA = 51; PC = 90; PC×B = 63; PC×PA = 82) were used to estimate growth parameters. The growth functions used in this study were linear, logistic, Gompertz, and Richards in the form reported by France and Thornley (2007; Table  2 ). The models were fitted to the data using the PROC REG and PROC NLIN (SAS Institute Inc., 2008) for linear and nonlinear models, respectively.
Estimated growth parameters [initial weight (W 0 ), final asymptotic weight (W f ), constants: c, n] and the inflection point traits (age and weight), obtained from nonlinear analysis for all birds, were analyzed by sex using a linear ANOVA model to test the effect of genotype (PROC GLM, SAS Institute Inc., 2008). Some extreme values of estimated W f were removed from analysis to meet the normal distribution hypothesis (Shapiro Wilk test > 0.90), in particular for the Gompertz and Richards models. The removal rate was 4 and 1% for males and females, respectively, for the Gompertz model and 16 and 13% for the Richards model. Least squares means for genotype were subjected to pairwise comparisons test corrected by Bonferroni method.
Root mean square error (RMSE) and R 2 of models were considered for the calculated goodness of fit parameters for the comparison among the different approaches. Moreover, the residual sum of squares was used to compare 2 different equations (models) when fitted to the same set of data, so that the fit with the lower residual sum of squares was, in principle, superior. The statistical significance of the difference between models in terms of the goodness of fit of the same data was assessed by using the F-test described by Motulsky and Ransnas (1987) for comparing 2 models either with the same or a different number of parameters. Estimated mean parameters obtained from different models were used to plot general growth curves for the different genotypes and sexes and against mean weight observed values. Table 3 summarizes the growth rate of the birds according to the linear model. The average daily gain of the males did not differ among the groups with values ranging from 16.9 to 14.4 g/d. For the females, significant differences were detected among the groups: PC (13.9 g/d) exhibited a higher (P < 0.05) growth than crosses PC×PA and PC×B (11.5 g/d), whereas B and PA were intermediate (12.4 g/d). The RMSE was 120 g/d for the males and 112 g/d for the females; R 2 values ranged from 0.973 to 0.983. The growth rate of the studied genotypes reached values lower than those of commercial hybrids produced by broiler breeding companies: indeed the trial considered local purebreds characterized by a slow growth rate. Also, the hybrid B showed a growth rate lower than fast growing hybrids. It is worth remembering that, in the present trial, the birds were reared under heat stress conditions for a long period of time as occurs commonly in Northern Italy during summer. Tables 4 and 5 show the estimated parameters for males and females, respectively, according to the 3 nonlinear models considered. In the male birds (Table 4) , the estimated values of the initial weight were significantly (P < 0.01) different among the groups and the Gompertz model gave a lower SE value in comparison with the other models. The initial BW (W 0 ) of Gompertz and Richards was lower than the logistic estimated values. The Gompertz and Richards W 0 values are close to the observed initial average BW (B: 40 g; PA: 32 g; PC: 36 g; PC×B: 38 g; PC×PA: 35 g), whereas the logistic W 0 values are quite overestimated. As far as the final (asymptotic) live weight (W f ) is concerned, the 3 nonlinear models showed significant (P < 0.01) differences among the genotypes: the B birds were the heaviest and the Padovana chickens were lighter than the PC×B cross. For the logistic equation, a lower final BW and SE than the other models were observed. A comparison between the logistic and Gompertz equations showed lower estimated values for logistic (11% in B and 18% for the other groups), whereas Gompertz values were higher than Richards (5% in PC×PA and 2-3% in the other groups) with an exception for the B group. It is worth pointing out that for these chicken populations the Richards equation is not able to give an adequate asymptotic estimation of BW when BW is not recorded after 90 d of age. In fact, when we considered in the equation the birds in this situation, the final estimated weight was extremely high. Therefore, it was necessary to eliminate those subjects before estimating this parameter. The c value, the instantaneous relative growth rate, was not different among the genotypes for the 3 models and the Gompertz equation gave lower c values in comparison with the other models as well as the SE values. The n estimation, the rate of the exponential decay of the initial specific growth rate, did not differ among the genotypes. The inflection point was reached at different ages; in particular, PC×B showed the lowest (P < 0.01) values in the 3 models and also PC (P < 0.01) according to the Richards equation; B, PA, and PC×PA reached the inflection point at higher (P < 0.01) age than the other groups. At the inflection point, the highest weight was observed (P < 0.01) in B for the 3 models considered and the lowest (P < 0.01) in PA and PC for the 3 equations. Age and BW at inflection point gradually decreased from the logistic to the Richards model: the decrease was lower (7 and 10%) in PA and higher (17 and 22%) in PC×B. As a,b Means within the same row followed by a different superscript are significantly different (P < 0.05). 1 B = Berlanda; PA = Padovana argentata; PC = Padovana camosciata. 2 Males: B, n = 44; PA, n = 23; PC, n = 35; PC×B, n = 35; PC × PA, n = 37. Females: B, n = 43; PA, n = 28; PC, n = 55; PC×B, n = 28; PC×PA, n = 45.
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3 RMSE = root mean square error. far as the goodness of fit is concerned, and considering the RMSE, for the logistic and for the Gompertz equations tendentially lower values were found for Padovana groups and cross, whereas for the Richards equation they were similar among the groups and were lower than the other models in particular than the logistic. Considering R 2 , all the values were higher than 0.996. For the female birds (Table 5) , the initial and final weight values differed (P < 0.01) among the strains, especially W 0 for the Gompertz and W f for the logistic equation. As in the males, the SE of W 0 and W f were lower for the Gompertz equation and for the logistic equation, respectively. The c parameter differed among the groups only for the Richards model (P < 0.01) and was lower in the logistic model; n values did not differ among the groups. At the inflection point, the age did not differ among the genotypes; for the logistic equation a marked (P < 0.01) differentiation among the groups was observed for the live weight; according to the 3 models only B was higher (P < 0.01) than the other strains and for the logistic model PC and PC×PA had the lowest weight (P < 0.01). As in the males, age (9-23%) and BW (10-31%) gradually decreased from the logistic to the Richards model. The reduction was less marked in the males than in the females. The age at the inflection point was higher for males than for females as well as the BW. Similar results were previously found by Yang et al. (2006) who observed that male chickens belonging to a purebred genotype reached the inflection point at a later age than the females. As far as the goodness of fit is concerned, lower values of RMSE were observed for the Gompertz and the Richards equations in comparison with the logistic model. Based on R 2 , for all the models the values were higher than 0.992. The 3 nonlinear models gave a superior goodness of fit (>0.99) than the linear model (0.97-0.98). It is well to remember that R 2 values could be used only as an overall measure of fit rather than as a basis for model comparison.
An evaluation of goodness of fit based on the residual sum of squares is reported in Table 6 . A pairwise comparison between the 3 nonlinear models and the linear equation shows that the logistic equation is better than the linear model with the exception of PC×B groups of both males (43%) and females (36%). The Gompertz and Richards models are better than linear model for all the groups of both sexes. A comparison between the nonlinear models shows that the Gompertz equation is not superior to the logistic model both for males and females for all the genotypes. The comparison between the Richards equation with the logistic equation indicates that the Richards is better than the logistic. Richards is not better than Gompertz for all the groups. Darmani Kuhi et al. (2003) found that the 4-parameter equations gave a better fit for describing growth in meat and egg strains of chickens. Comparing the Gompertz, logistic, and Richards equations, the Richards was found to be the best fitting model and the Gompertz fitted better than the logistic due to the lower inflexion point observed in the data. Figure 2 shows the results of males for the 3 nonlinear models. The logistic model overestimates the initial BW and underestimates the final BW, in particular for B and PC×B. For many genotypes, the Richards growth function gave poor agreement with experimental values in the second part of the growth period as it overestimates the BW, in particular for PC and PC×B. Figure 3 shows the growth curves of females. As in the males, the logistic overestimates the initial BW. In the second part of the curve, the logistic and Gompertz models slightly overestimate PA chickens, whereas the Richards equation overestimates the PC×PA females.
Darmani , describing the relationship between weight and age in meat and egg strains of chickens, stated that a fixed point of inflexion can be a limitation with equations such as the Gompertz and logistic. The point of inflexion occurs at weights less than half of final weight and varies depending on age, sex, breed, and type of animal. Therefore, 4-parameter equations with a flexible inflection point fit the growth data better. The same authors stress in some cases optimization problems with equations such as the Richards. Table 6 . Statistical significances between models based on residual sum of squares: percentage of cases in which the model specified for the first model in the columns was significantly (P < 0.05) superior to the model specified for the second B  86  95  91  43  75  30  PA  83  87  91  22  52  22  PC  80  97  97  43  77  9  PC×B  43  74  77  23  60  26  PC×PA  76  97  95  54  78  14  Males  74  91  90  39  70  20  B  81  95  98  35  77  14  PA  82  93  86  14  50  25  PC  53  82  80  24  82  24  PC×B  36  61  61  25  61  14  PC×PA  58  93  91  31  87  13  Females  62  86  84  27  74  18  Total  67  88  87  32  72  19 However, France et al. (1996) indicated that using the Richards equation can sometimes lead to optimization problems and the process can fail to reach convergence, primarily due to difficulty in estimating W 0 values. If the W 0 is known, fixing it might solve the problem of nonconvergence, but if the W 0 has already been estimated using the equation, fixing it might worsen the fit. Other authors ) compared flexible functions with the Gompertz in a study with growing turkey hens from commercial flocks and stated that the fixed inflection point of the Gompertz was a limitation even if they ran into optimization problems with the Richards.
In conclusion, when considering these genotypes under the environmental conditions of study, the growth modeling can give different responses for both males and females. The 3 nonlinear models estimated the growth data with significant differences according to the genotype. In general, the nonlinear equations fitted growth data better than the linear model. A comparison between the models based on RMSE values indicated some relevant differences for the genotypes of both sexes. Making a comparison based on R 2 values, all nonlinear models always gave an R 2 > 0.99, and therefore it is clear that none of the models is significantly better than the others. A comparison among the nonlinear models, based on the trend of the curves, showed that the studied growth functions gave a suitable fit to the profiles, especially for some genotypes. The logistic model shows a trend of overestimation of initial weights and an underestimation of final weights, due to the fixed inflexion point. The Gompertz can be considered a model that has a good fit of the data of the studied populations with the exception of B males and PA females that are overestimated in the last part of the curve. The Richards equation gives a good fit of the growth data but can give problems for a good determination of the asymptotic weight, when weights are not recorded after the biological inflection point. On the basis of our results for the studied genotypes, as the Gompertz model for many genotypes was comparable with the Richards, consideration of flexible growth functions as an alternative to equations with a fixed point of inflexion, as recommended by Darmani Kuhi et al. (2003) , can be not considered because the Gompertz model has the advantage that it requires one less parameter than the Richards curve.
